Abstract. Using intense 200 fs Ti:sapphire laser pulses, multiphoton multiple ionization of Xe and Kr has been studied over a dynamic range of up to nine orders of magnitude. Huge enhancements in the probability of double ionization of both gases and triple ionization of Xe were observed and attributed to the occurrence of non-sequential (NS) ionization. It was found that the probability of NS ionization of any charge state is a linear combination of the tunnelling probability of the previous charge states.
Introduction
The phenomenon of non-sequential (NS) double ionization of atoms that are exposed to intense laser fields has been a subject of many theoretical and experimental studies for more than a decade. The pioneering work began with the observation of a 'knee' structure on the Xe 2+ ion signal versus intensity curve by L'Huillier et al (1983) . Interest in this topic has been renewed in recent years by unambiguous observation of NS double ionization of He (Fittinghoff et al 1992) . Subsequent experimental and theoretical works were mostly directed to the NS ionization in the tunnelling regime and the observation of enhanced double ionization of Xe in the multiphoton regime was attributed to some highorder sequential mechanisms rather than to the occurrence of NS ionization (Walker et al 1993 , Charalambidis et al 1994 . Recently, Kuchiev (1995 Kuchiev ( , 1996 pointed out that NS double ionization can also happen in the multiphoton regime through the re-scattering of ATI electrons. In this work, we report multiple-ionization experiments in the intermediate regime (with the Keldysh parameter γ ∼ 1). We present ion versus intensity curves of Xe and Kr over a dynamic range of up to nine orders of magnitude and show that the experimental results are consistent with the occurrence of NS ionization. We find that, as observed by Walker et al (1994) , the ratio of nonsequentially produced multiply charged ions scales with the ionization tunnelling fraction. Also, the re-scattering model of Kuchiev (1995 Kuchiev ( , 1996 cannot by itself explain the observation satisfactorily.
The transform-limited pulse duration is 200 fs (FWHM) and the central wavelength is 800 nm. The laser was stabilized by maintaining the temperature and humidity of the whole laboratory to within ±0.5
• C and ±10%, respectively. The linearly polarized laser was focused using f/200 and f/100 optics (a lens with focal length of 100 cm and two different beam sizes, 1 and 0.5 cm) into an ultra-high-vacuum chamber with a background pressure of 2 × 10 −9 Torr. The large f -number focusing lens was used for two reasons: firstly, to maximize the focal volume of the interaction region in order to obtain ion signals from very low ionization rates. Secondly, to minimize the masking effects of the focal volume expansion with intensity as will be discussed later. Ion species were collected using a time-of-flight (TOF) mass spectrometer with a 60 cm long drift tube. The laser was focused in the centre of two plates P 1 and P 2 spaced by L 1 = 5 mm (see the inset in figure 1 ). The distance L 2 between P 2 and the entrance of the Figure 1 . Multiphoton, multiple ionization of Kr using stable linearly polarized laser pulses from a Ti:sapphire laser (800 nm). Each datum corresponds to a three-point average. The inset at the upper left-hand corner represents the schematic of the interaction region situated between the two plates P 1 and P 2 . The ions were collected through the time-of-flight (TOF) spectrometer. The ion yield calculated using ADK theory is shown by the curves. There is no shift in intensity.
grounded (60 cm long) time-of-flight tube was 26 mm. The voltages applied to P 1 and P 2 were 3.5 kV and 3 kV, respectively.
The 2 cm diameter opening at P 2 and at the entrance of the TOF tube restricts the focal region from which ions were collected. This length is much shorter than the Rayleigh range (∼ 12 cm). As a result, the spatial distribution of intensity in the interaction zone is nearly independent of the axial dimension. The consequence is that, as Geltman (1995) has shown, any ratio of ion yields would be equal to the ratio of the ionization probabilities for the case of a laser beam that has a Gaussian radial fall-off of peak intensity. Later on we will see that this is of the utmost importance when evaluating probabilities of multiple ionization for a supposedly sequential process, and when comparing experimentally measured and theoretically calculated ratios of doubly charged to singly charged ions.
Ion curves were produced by combining a series of intensity scans, each having a different fill pressure in the interaction chamber. The gas pressure in the interaction chamber was controlled by a precision leak valve and ranged from 1 × 10 −8 to 10 −4 Torr. Higher pressures could only be used for low ion number, since space-charge effects and detector saturation had to be avoided.
The intensity was determined by measuring the laser energy, the pulse width and the focal spot size. The energy measurement was taken from a 4% reflection off a wedged beamsplitter situated after the interaction region and was detected with a pyroelectric energy meter. The pulse width was measured by a second-order autocorrelator. To measure the spot size, the beam was attenuated by successive reflection from high-quality glass plates. The beam was then focused by the 100 cm focal length lens and the image of the focused area was analysed by a microscope objective and a CCD camera. The focal spot diameter (at 1/e 2 ) was found to be 98 µm. The beam had a nice Gaussian profile and a roundness of 0.95. We verified our absolute intensity calibration by comparing with the saturation intensity predicted by the ADK formula (Ammosov et al 1986) in the case of helium. As has already been observed (Walker et al 1994) , near the saturation region the experimentally measured He + signal (using a Ti:sapphire laser) has an excellent overlap with the ion yield predicted by the ADK theory.
Experimental results and discussion
The resulting ion signal versus intensity curves (normalized to the saturation value of the singly charged ion signal) which span over eight orders of magnitude (nine orders of magnitude for the Xe 2+ signal) are presented in figures 1 and 2 for Kr and Xe, respectively. Kr 3+ signals were masked by impurity peaks and were thus not presented in figure 1. In both figures sequential ionization curves calculated from the ADK theory (S adk ) are also included. At higher intensities, ADK curves have an excellent overlap with the experimentally measured ion versus intensity curves. The structures on the singly charged ion curves have been discussed in connection with the electron trapping during multiphoton ionization of the CO molecule (Talebpour et al 1996b) and rare gases (Talebpour et al 1996a) and we will not discuss them here. What interests us is the intensity dependence of doubly charged and triply charged ions.
As is seen from the calculated (ADK) curves (figures 1 and 2) the intensity for the doubly charged ion corresponds roughly to the saturation intensity of the singly charged ion. This behaviour is typical for sequential processes regardless of whether or not the ionization rates are determined by the ADK theory. We should mention that the observation of a 'knee' structure on the doubly charged ion curve does not by itself guarantee the occurrence of a non-sequential process. This fact has been demonstrated by Charalambidis et al (1994) . Their theoretical calculation included a high-order enhanced sequential process which not only resulted in the appearance of a knee structure in the ion curve of Xe 2+ , but also resulted in the lowering of the appearance intensity of Xe 2+ by about 20% compared to that predicted by normal sequential multiphoton ionization. However, in our experiments (see figures 1 and 2) the measured appearance intensities of doubly charged ions are about 300% lower than the saturation intensity of singly charged ions. (The latter is the predicted appearance intensity of doubly charged ions if normal sequential processes were valid.) This cannot be easily explained by the sequential ionization process as discussed below.
Let us consider figure 1. Suppose that the doubly charged ions are produced through a sequential process: Kr
, where L stands for laser. For this kind of sequential process the probability of each step can be determined from the experimental ion curves as follows. The probability of the process Kr+L → Kr + , P 0-1 , is measured by using the fact that at the saturation point of the singly charged ion, the probability of ionization is unity. Then normalizing the ion versus intensity curve of the singly charged ion to the Figure 2 . Multiphoton, multiple ionization of Xe using linearly polarized laser pulses from a Ti:sapphire laser (800 nm). Each datum corresponds to a three-point average. The ion yield calculated using ADK theory is given by the curves.
number of ions at the saturation intensity, the curve will indicate the probability of ionization as a function of intensity. To measure the probability of the process Kr + + L → Kr 2+ , P 1-2 , we use Geltman's proposition (Geltman 1995) that in a sequential process, any ratio of ion yields would be equal to the ratio of the ionization probabilities for the case of a laser beam that has a Gaussian radial fall-off of the peak intensity. With these in mind, at the appearance intensity of Kr 2+ (3 × 10 13 W cm −2 ), P 0-1 and P 1-2 were measured to be ≈ 1 × 10 −4 and ≈ 2 × 10 −4 , respectively. Note that our experiment at 3 × 10 13 W cm −2 was carried out at a fill pressure of 10 −4 Torr for Kr. Thus, if a sequential process was responsible for the creation of Kr 2+ , the equivalent pressure of Kr + is around 10 −8 Torr, since the probability P 0-1 is 10 −4 as calculated above. As has already been noted by experimental (Perry et al 1988) and theoretical (see Chang et al (1993) for a detailed discussion of the probabilities of multiple ionization for different ionization models) studies, in the case of non-resonant ionization the appearance intensity of any species is a smooth, monotonic function of the ionization potential. Now since Kr + has nearly the same ionization potential (24.2 eV) as He (24.58 eV), we would expect that its appearance intensity would be close to the appearance intensity of He at a pressure of 10 −8 Torr if a purely sequential process were responsible. Experimentally we measured an appearance intensity of 3.2 × 10 14 W cm
for He at this pressure. Assuming the same intensity dependence as He (it was measured experimentally to be I 8.3 ), somehow the probability of ionization of Kr + at an intensity of 3 × 10 13 W cm −2 has been enhanced by a factor of eight orders of magnitude. Similar arguments can be applied to the ionization of Xe. In particular, assuming a sequential process, at the appearance intensity of Xe 3+ (3 × 10 13 W cm −2 ), P 0-1 , P 1-2 and P 2-3 are measured to be ≈ 1.5 × 10 −3 , ≈ 5 × 10 −4 and ≈ 1.3 × 10 −2 , respectively. This indicates that our experiment at 3 × 10 13 W cm −2 with the pressure of 10 −4 Torr for Xe is equivalent to an experiment with pure Xe 2+ gas at a pressure of around ≈ 7.5 × 10 −11 Torr if sequential ionization were true. The ionization potential of Xe 2+ (32.1 eV) is higher than that of He, therefore its appearance intensity is anticipated to be a lot higher than that of He at the fill pressure of ≈ 7.5 × 10 −11 Torr. From the ion versus intensity curve of He we interpolate that at this pressure the appearance intensity of He would be around 9 × 10 14 W cm −2 . Again assuming the same intensity dependence as He (it was measured experimentally to be I 8.3 ), somehow the probability of ionization of Xe 2+ at the intensity of 3 × 10 13 W cm −2 has been enhanced at least by a factor of 13 orders of magnitude. These huge enhancements indicate that a simple sequential process cannot explain the production of higher charge states. Of course, as we proceed to higher intensities in the ion versus intensity plots, the contribution of sequential processes in the formation of a multiply charged state increases more and more and after the saturation point of the previous charge state, the main channel can be taken as sequential. Now the question arises: what causes the enhancement in the multiple ionization of atoms? This is a longstanding question with no clear answer as yet. Still, during recent years, two models have been proposed each with its own partial successes. In what follows, we will discuss these models and the possibility of their applicability.
The re-scattering model proposed by Corkum (1993) describes the NS ionization as a process whereby an electron is ionized. The electron then interacts with the laser field where it is accelerated away from the nuclear core. Depending on the phase of the laser at the moment of birth, it can pass the position of the parent ion half a cycle later and eject an extra electron. The electron-impact ionization cross section is highly dependent on electron kinetic energy and drops dramatically for electron energies below the ionization potential of the bound electron. The maximum kinetic energy that a returning electron can have is 3.17 times the ponderomotive potential (U p ) of the laser. This places a cut-off limit on the minimum intensity (intensity is proportional to U p ) where ionization due to re-scattering can occur. Kuchiev (1995 Kuchiev ( , 1996 has made it clear that taking into account abovethreshold ionization (ATI), the electron re-scattering model can explain the phenomena of NS double ionization. He has described the NS ionization as a two-step process. In the first step the atom is ionized to some ATI peak by absorbing m photons. In the second step the ionized electron interacts with the parent ion in the radiation field and through correlation with another electron, both of the electrons are freed from the atom. This mechanism is similar to the recent work of Becker and Faisal (1996) . Though the calculation of the Figure 3 . The ratio of the doubly ionized ion signal to the singly ionized ion signal for Kr. The theoretical curves are calculated for two cases. One is based on the re-scattering model of Kuchiev. The other assumes that the NS process is proportional to the tunnelling component of the ionization of a singly charged ion.
probability of double ionization in this model is a complicated problem, the final result is very simple. The probability W (2e) of the double ionization is
Here
is the population probability of the lth level in ATI and l min is the lowest level in the ATI spectrum of the singly charged ion which satisfies the inequality E
where E + ip is the ionization potential of the ion, k is the momentum of the ATI electron at the moment of birth, and F and ω are the amplitude and the frequency of the laser respectively. σ in is the inelastic cross section of electron impact on a singly charged ion in the laser field. R l is given by
where γ = ω F 2E ip is the Keldysh adiabatic parameter, E ip is the ionization potential of the atom and β = kω/F . Note that, in Kuchiev's model, there is no restriction on the value of γ provided that F /ω 2 1. To test the applicability of Kuchiev's model, we need to know the probability of populating different ATI peaks as a function of intensity. Unfortunately, there is no good predictive model for this purpose and, as a rough approximation, we use an extension of the KFR theory which accounts for the Coulomb field of the residual ion (Perry et al 1988) . The problem with this model is that it disregards the intermediate atomic states (and as a result the possible dynamic multiphoton resonances with these states) so that it cannot accurately predict the distribution of ATI peaks which are sensitive to resonances.
For σ in , we used a constant value of 40 a 2 0 (a 0 is Bohr radius) for Xe and 10 a 2 0
for Kr (Tawara and Kato 1987) , and neglected the small corrections resulting from the presence of the laser field (Kulander et al 1995) . l ), along with the experimentally measured curves are presented in figures 3 and 4, respectively. For Kr (figure 3) at intensities above 3×10 14 W cm −2 the sequential double ionization dominates the process and we do not expect a good fit. At intensities higher than 8 × 10 13 W cm −2 , the model (figure 3, broken curve) underestimates the ratio by a factor of 5. The situation is worse at lower intensities where the discrepancy between experiment and theory can go as high as two orders of magnitude. In the case of Xe (figure 4), even though at intensities higher than 5 × 10 13 W cm −2 the discrepancy is only about two times, at lower intensities it is nearly three orders of magnitude. In conclusion, while strong discrepancies are observed in the lower intensity range, we note that Kuchiev's theory still gives a huge enhancement compared to sequential ionization. Therefore our comparison does not rule out the contribution of the re-scattering mechanism of Kuchiev in double ionization, but it seems that it is not the dominant mechanism.
The 'shake-off' model (Fittinghoff et al 1992) describes the NS process as a mechanism where one electron is ionized by the laser field and the departure of this electron is so rapid that the remaining electrons are 'shaken-up' enough to free an additional electron. According to Walker et al (1994) , assuming that MPI results in the gradual removal of electrons from the vicinity of the nucleus, the abruptness required by the shake-off mechanism is lost. If so, only the tunnelling fraction of the total ionization should contribute to the NS ionization. To test this idea, in figures 3 and 4, following Walker et al (1994) , we present the ratio of the ADK curve to the ion curve of the first charge state (divided by the experimentally measured ratio of the doubly ionized curve to the singly ionized curve at the saturation point of the first charge). The curves thus produced have a rather good overlap with the experimentally measured ratio S(A 2+ )/S(A + ) (where A stands for Xe or Kr). This finding can be explained in the following way.
From figures 1 and 2, it is seen that the doubly charged ion curve of any of the gases, say A, consists of two distinct parts. The lower part of the A 2+ ion curve is nicely fitted by vertically downshifting the theoretical curve for A + using the ADK formula and the upper part by the sequential ionization yield calculated using the ADK formula for A 2+ . Mathematically, the A 2+ signal (S(A 2+ )) is given by the following relation:
where α 12 is the downshifting factor and S adk (A + ) and S adk (A 2+ ) are the ion signals predicted by the ADK formula for A + and A 2+ , respectively. In this relation, the first term on the right-hand side (α 12 S adk (A + )) is considered to be the contribution of NS double ionization. The second term is just the contribution from sequential double ionization.
The most striking feature is found in figure 5 which shows the Xe 3+ ion curve along with a theoretical curve calculated as follows. Following the spirit of Walker et al (1994) , it is assumed that the triply charged ion results from three sources (Augst et al 1995) : triple NS ionization of neutral atoms, double NS ionization of singly charged ions and sequential ionization of doubly charged ions. Each of these sources dominates in some part of the intensity range, the first source dominating at intensities below 1. 
The curve thus produced (figure 5) has an excellent agreement with the experiment with α 13 = 1 2700 and α 23 = 1 30 . A similar relation for the signal of Ar 3+ in the field of a 1 µm laser has been observed by Augst et al (1995) but was not emphasized in this way. Thus, we speculate that the signal of the triply ionized ion of any atom is given by (4)) with the assumption that the tunnelling is the dominant process in the production of the triply charged ion.
These observations (equations (3) and (5)) strongly imply that tunnelling could be an important factor in the NS ionization of atoms (Walker et al 1994) . In the absence of other known mechanisms, we would naturally tend to believe that the shake-off process would be a dominant mechanism in the occurrence of NS multiple ionization.
In conclusion we have performed experiments on multiphoton multiple ionization of Kr and Xe and have shown that the results are not consistent with the predictions of a simple sequential process. Calculations imply that even though the re-scattering model of Kuchiev could be partially responsible for the occurrence of NS ionization, it is not the only process. On the other hand it is found that the probability of NS ionization is proportional to the fraction of atoms which ionize through tunnelling. This can be taken as an indication of the dominance of the shake-off process during tunnelling ionization.
